Fatigue and corrosion-fatigue tests were performed to quantify the fatigue properties of AA2524-T3 and AA2198-T851 Al alloys. High cycle axial fatigue tests were carried out under air and salt-water fog conditions. In air, the specimens were fatigue tested at a frequency of 50 Hz, using specimens with and without preconditioning in a salt spray chamber, and for the corrosion fatigue condition, the tests took place at a frequency of 30 Hz in a salt-water fog condition. In all cases it was used a sinusoidal waveform and a stress ratio (R) of 0.1. The results indicate that the saline environment had a deleterious effect on the fatigue life of the two aluminum alloys. AA2524-T3 exhibited a better fatigue strength than AA2198-T851 when fatigue tested in air. However, considering the corrosion fatigue test in a saline fog environment an inverse behavior was observed with the AA2198-T851 exhibiting higher fatigue strength. Figure 4. Fatigue crack nucleation sites from corrosion pits at the specimen surface (region marked with black arrows) (a) AA2524-T3 and (b) AA2198-T851, observed after conditioning and fatigue tests.
Introduction
Aluminum alloys are produced in many forms, such as castings, sheets, plates, bars, rods and forgings, and used by different industrial sectors including the aircraft industry 1 . This late has been on constant search for improved materials that offer benefits in terms of performance, weight and cost savings. The advantages of these alloys are their light weight, corrosion resistance, and very high thermal and electrical conductivity. The aforementioned factors, added to the fact that some of these alloys can be formed in a soft condition and heat-treated to a temper comparable to that of structural steel, make them very attractive for aircraft parts. Aluminum alloys are materials that effectively reduce the weight of vehicles, and their applications are expanding continually.
The aircraft industry has recently shown renewed interest in the aluminum-lithium (Al-Li) alloys, which offers improvements in structural performance through density reduction, increased stiffness, better fracture toughness and higher fatigue crack growth resistance, as well as enhanced corrosion resistance. Since the discovery, in the mid-1950s, that adding lithium to aluminum alloys results in materials with high specific modulus (E/ρ), aluminum manufacturers have been diligent in their efforts to fabricate commercial alloys. The low ductility and fracture toughness of the first generation of the Al-Li alloys, as well as their strong anisotropy, kept the researchers in the search for improved Al-Li alloys 2,3 . The second generation was developed aiming weight saving by low density, however, it was also characterized by short-transverse fracture toughness, lower plane stress (K c ) fracture toughness/residual strength in sheet and higher anisotropy of tensile properties 4, 5 . This generation also presented higher damage tolerance due to pronounced slip reversibility and large crack path deviation when compared with that of conventional aluminum alloys. However, must be observed that those factors causing improvement in fatigue crack propagation resistance, very often tend to have a detrimental influence on fatigue crack initiation. Some of these Al-Li alloys, such as Al-Li-Zr and Al-Mg-Li-Zr alloys are more resistant to stress corrosion cracking (SCC) than more conventional alloys subjected to the same heat treatments 6 .
The shortcomings of 2 nd generation of Al-Li alloys led to the development of Al-Li alloys with reduced Li concentration (from 0.75 to 1.8 wt pct) named as 2195, 2196, 2297, 2397, 2198, 2099, 2199, 2050, 2060 , and C99N. This late generation, was designed with the understanding of the influence of chemical composition and microstructure on mechanical and corrosion performances. The well understanding of this late has becoming quite important since fatigue strength of aluminum alloys is lowered in aggressive medium, such as seawater, particularly when the high cycle fatigue regime is considered 7 .
The corrosion and fatigue properties of aluminum alloys are major issues in the service life assessment of aircraft structures and in the management of aging air fleets 8 . Corrosion Fatigue (CF) phenomena is an important and complex failure mode that may take place in highperformance structural metals submitted to repeated loads in an aggressive environment. CF affects nuclear power systems, steam and gas turbines, aircrafts, marine structures, pipelines and bridges. Corrosion fatigue, which is defined as the sequential stages of metal damage, evolves accumulated cyclic loads in environments that are more aggressive than inert or benign environments. It is the result of the interaction of irreversible cyclic plastic deformation with localized chemical or electrochemical reactions. Environment-enhanced fatigue is a modern term; however, the term CF is traditionally used when referring specifically to electrochemical environments. Mechanical fatigue experiments and analyses described in recent textbooks 9, 10 provide the basis for understanding corrosion fatigue 11 .
2XXX series aluminum alloys are used for the construction of structural components due to their high toughness and good fatigue strength. These alloys generally have a desirable combination of strength, damage tolerance, formability and density that is suitable for many engineering applications. Alloys of the 2XXX series are especially sensitive to aqueous medium containing chloride ions, because such medium favor oxidation and pitting corrosion of these alloys, generating stress concentrators that reduce their fatigue life 12, 13 .
The AA2198-T851 aluminum alloy was designed to exhibit good mechanical properties for use in aircraft structural components. Its chemical composition is based mainly on Cu, with minor amounts of Fe, Si, Mn, Mg, Cr, Zn, Zr, Li and Ag. This alloy contains lithium as an alloying element to reduce its density and increase its Young's modulus, thereby saving weight. In fact, the addition of 1 wt% lithium to aluminum reduces the alloy's density by 3% and increases its elastic modulus by about 6% [14] .
Owing to their high strength and low density, the Al-Cu-Mg based 2XXX series of aluminum alloys, such as the AA2524, are widely used for constitutive aircraft parts; hence, damage tolerance is a critical issue. This alloy was developed by the Aluminum Company of America (ALCOA) in the 1990s by adjusting the Cu and Mg alloying elements and reducing Fe and Si levels 15 . New generations of aluminum alloys, that includes the 3 rd generation of Al-Li alloys, has being developed to improve their specific mechanical properties, through microstructure optimization, reduced anisotropy (Zr and Mn additions) and thermomechanical processing 5 , looking for the substitution of conventional Al alloys. The literature contains several works that discuss the fatigue performance of the AA2524 alloy, which is well known to possess superior fracture toughness and fatigue crack propagation resistance.
The aim of this work was to evaluate the fatigue and corrosion fatigue resistance of the AA2198-T851 Al-Li alloy (from the 3 rd generation), comparing them with the AA2524-T3, considering the effect of a saline environment in the pre-corroded (conditioned for 15 days in a salt spray chamber) and salt-water fog conditions.
Experimental Procedure

Material and specimens' configuration
The materials used in this investigation were the AA2524-T3 (base alloy) produced by ALCOA and the AA2198-T851 (Al-Li alloy) produced by Rio Tinto Alcan, both provided as 1.6 mm sheets in the bare condition (without any cladding or other surface treatment). Table 1 lists the chemical composition of their major elements.
Tensile tests were carried out according to the ASTM E 8M standard 16 , using 05 specimens for each Al alloy, removed longitudinally to the sheet rolling direction, see Figure 1a .
The fatigue tests followed the ASTM E466 standard 17 , with load ratio (R) of 0.1, and specimen size and geometry as presented in Figure 1b . The fatigue specimens were removed from the sheet similarly to the tensile specimens. The Stress-Life (S-N) for each curves were obtained using a minimum of 04 specimen per stress level and when possible, 06 stress amplitude levels (180, 160, 130, 110, 90 and 60 MPa), in the following conditions: air (base line); salt-water fog (3.5 wt% NaCl) and using specimens preconditioned for 15 days inside of a salt spray chamber, in a salt-water fog (5 wt% NaCl) at 35 °C. The applied preconditioning condition is similar to that recommended for corrosion evaluation in salt spray condition by the ASTM B117 [18] . For the base line and preconditioned conditions, the S-N curves were obtained in air, using a sinusoidal waveform and 50 Hz frequency. Corrosion fatigue (CF) tests were carried out using a sinusoidal waveform at 30 Hz frequency, inside of a small acrylic chamber where a constant flux of salt-water fog, generated through a special device developed by the authors, was maintained during testing.
This special acrylic chamber, developed for the CF tests is shown schematically in Figure 2 . In this setup, the 3.5 wt% NaCl fog passed through the chamber, supplied by the external reservoir and then expelled to the external environment. The salt solution in the reservoir had a constant pH of 7.2 and both were controlled during tests. All the tests were performed using a servo-hydraulic testing system with 100 kN capacity.
Results and Discussion
From the tensile test results, Table 2 , it was observed that the AA2198-T851 (Al-Li) alloy showed slightly higher tensile strength parameters than AA2524-T3, and the values obtained in this work compares quite well with the tensile results from Cavaliere et al. 19 and Alexpoulos et al. 20 . Figure 3 presents the fatigue life curves of the AA2524-T3 and AA2198-T851 aluminum alloys for the three conditions used here (air, pre-corroded and saltwater fog conditions). It is observed that in air, without the preconditioning, the AA2524-T3 alloy presented slightly better fatigue resistance than the AA2198-T851. The fracture surface analysis carried out by Gamboni and presented elsewhere 21 has shown that all the crack nucleation sites were located at the specimens' surface. The surface is weaker than the interior metal in the same state, since at the surface the atoms do not have neighbors, and it is likely that the stress to cause plastic flow for these atoms is slightly lower than at interior. Also, at the surface, irregularities may be formed during specimen preparation introducing stress concentrators. In ductile metals, fatigue crack nucleation takes place by formation of permanent slip bands on the surface of the specimen, where intrusions (missing material below surface) and extrusions (projection of the material above surface) take place. Considering HCF regime, it has been observed a general trend, as higher is the material tensile strength longer is the fatigue life. However, comparing the tensile mechanical strength from both Al alloys (Table 2) , the observed difference in the mechanical strength is not sufficient to cause improvement on the fatigue life of the AA2198-T851 Al alloy, or it may be overtaken by any other microstructural effect, such as precipitates size and distribution. Further investigation is on the way using transmission electron microscope to make a detailed characterization of the microstructure. Difference in roughness would be another possibility, however as verified by Gamboni 21 the specimens from both alloys presented similar roughness. It was observed that results from open literature are quite rare for AA2128-T581. The only work found in this temper condition was the work from Cavaliere et al. 19 , using specimens with different thickness (5 mm) and stress ratio (R=0.33) from the current work. To correctly compare the S-N curves, it would be necessary to convert these data using the one of the rules proposed in the literature, as for example the Gerber's rule as applied by Alexopoulos et al. 20 . Comparing the results it is seen that in the present work it was obtained a S-N curve with slightly higher fatigue lives for the same stress amplitudes, for a life of 10 5 cycles, in this work the correspondent stress amplitude was 125 MPa and in the work of Cavaliere et al. 19 , converted by Alexopoulos et al. 20 , it was 108 MPa. This small difference may be due to the application of the Gerber's equation, since the adjustment is quite dependent on the chosen conversion rule (could be SWT or Goodman equations).
Sodium chloride environment had a detrimental effect on the fatigue behavior of both Al alloys, independently of the fatigue test type. Overall, the significant reduction in the fatigue strength (S-N curves) of the two Al alloys obtained from the specimens previously exposed to the saline environment in the salt spray chamber before the fatigue tests, can be attributed to pitting corrosion. It is seeing that the 15 days soaking time was long enough to cause formation of severe pits on the specimens surfaces, at a point that the fatigue resistance from the two alloys became quite similar (Figure 3 ), and very low when compared with the fatigue resistance curves obtained in air. The fracture surface analysis using SEM confirmed that, in the presence of corrosion pits, the fatigue cracks always initiated from any of these pits, see the examples in Figure 4 . Pitting is a highly localized type of corrosion that occurs in the presence of aggressive chloride ions 21 . According to Lin and Yang 13 , corrosion pits on the surfaces of axially fatigued specimens may become stress concentration sites, thus enhancing the onset of corrosion and resulting in a short fatigue life. Pao et al. 22 studied corrosion fatigue crack initiation in AA7075 and AA7050 aluminum alloys and found that corrosion pits can significantly speed up fatigue crack initiation. It is also observe in Figure 3 that crack nucleation life was also affected when the aluminum alloys were exposed simultaneously to the saline environment and repeated loads, it is seen that the fatigue lives were shorter than that in air (without preconditioning). As mentioned before, during the tensile part of the loading cycle slip steps at the surface are produced. The extent of the surface slip offset can be diminished by reverse slip during unloading or subsequent compression loading in a fully reverse fatigue. The presence of a hostile environment aggravates both the effects of plasticity and surface degradation by adding chemical phenomena to the process, and when the slip steps form during the tensile portion of a fatigue cycle in a chemically aggressive medium, the chemisorptions of the embrittling species (such as oxygen or hydrogen) or the formation of an oxide layer on the freshly formed slip step, making reverse slip difficult on the same slip plane upon load reversal. Since Al alloys have a high affinity for oxygen, oxidation occurs rapidly on both sides of the extrusions, promoting the early formation of a crack 9, 23 . Comparing both alloys when tested in a saline fog environment, it is observed that the AA2128-T851 presented a slight improved corrosion fatigue resistance. This fact may be linked to the corrosion results obtained by Moreto 24 . This author has concluded that the AA2128-T851 exhibited a better corrosion resistance than AA2524-T3, therefore it is more resistance to oxidation in the presence of the saline fog during the corrosion fatigue tests, that the testing time was much shorter than the 15 days of the salt spray tests. The corrosion fatigue time did not allow the formation of severe pits on the specimens' surfaces as was the cases of the pre-corroded specimens.
Conclusions
An experimental investigation was made in two aluminum alloys used in aircraft fabrication.
A comparison of the S-N curves revealed that in air the AA2524-T3 exhibited fatigue strength slightly better than the AA2198-T851 Al-Li alloy.
Considering the S-N curves from the pre-corroded condition, it was observed that the sodium chloride environment had a significant effect on the fatigue behavior of both Al alloys, this was due to the severe conditions that the specimens were submitted in the salt spray chamber, with massive formation of pits on the specimens' surface that acted as stress concentrators and reduced very similarly the fatigue life in both alloys.
From the corrosion fatigue tests can be concluded that the better oxidation resistance in saline environment of the AA2198-T851 than the AA2524-T3, was responsible for the AA2198 T851 to present higher corrosion fatigue resistance. 
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